A simple and compact system suitable for the preservation of fragile gram negative anaerobes and other bacteria in liquid N2 has been developed. Polypropylene straws used as specimen containers can be used easily within glove bags of anaerobic chambers, and their small size greatly increases the number of cultures which can be stored. Ancillary equipment and methods developed are described. The overall system was tested, using Streptococcus mutans, Fusobacterium nucleatum, and Selenomonas sputigena. Various basal suspending fluids and cryoprotective supplements were studied. With fast rates of freezing and thawing, survival recoveries of the test microorganisms ranged from 80 to 100% of the input colony-forming units in a complex medium broth base without cryoprotective agent addition, and they consistently were 100% when 0.4 mM polyvinylpyrrolidine was used. Overall, cryoprotection by polyvinyl pyrrolidine was superior to that from glycerol or dimethyl sulfoxide, the latter yielding recoveries similar to or less than those obtained with no cryoprotectant additive. All microorganisms were recoverable after storage for 1 year.
The effectiveness of liquid N2 for storage of aerobic to microaerophilic bacterial cultures is well documented (5, 16) , but recoveries of gramnegative anaerobes have not been reported. Some aspects of the physical systems commonly employed (5, 17) would be cumbersome to perform anaerobically (e.g., heat sealing of glass ampoules). Moreover, optimization of the freezing conditions might be required for high colonyforming unit (CFU) recoveries because the cell walls are relatively fragile. Variables of major importance include the chemical nature of the environments and the rates of freezing and of thawing (9, 11, 13) , with interactive effects occuring between the three variables (3, 11, 13) . The chemical environment generally is manipulated by addition of cryoprotective agents (12, 16, 17) , which include cell-penetrating low-molecular-weight species (dimethyl sulfoxide [Me2SO] and glycerol) and relatively nonpenetrating macromolecules (polyvinylpyrrolidine [PVP] , dextrans, proteins, etc.). Although some of these are toxic to cell suspensions (14, 17, 25) , these concentration-related effects can be minimized by using mixtures of internally and externally acting agents (9) and/or by using fast rates of freeze (9, 21) (the latter, optimally, used in conjunction with fast rates of thaw [11] [12] [13] ).
The current study was undertaken with the following objectives, therefore: (i) to develop a simple physical system that could be utilized either in anaerobic chambers or in air for processing cultures and that would use small-volume specimen containers, thereby reducing storage costs (20) ; (ii) to test CFU recoveries of a grampositive facultative and gram-negative anaerobes with the system after various storage times; and (iii) to examine effects upon CFU recoveries using low concentrations of internally and externally acting cryoprotective agents in conjunction with rapid rates of freezing and thawing.
MATERIALS AND METHODS
Equipment. The Freezing procedure. Straws, plugged at one end, were labeled and placed in the holder, and the free ends were covered en masse with a cap before being bagged for autoclaving. For use, the side of the bag facing the plugged end of the straws was cut, and straws were withdrawn for individual filling from a disposable syringe fitted with a 1.5-inch (ca. 3 .81 cm) needle. Filling was accomplished by expelling the fluid at the base of the straw, thereby avoiding gas locks. The straws were plugged immediately as described above and removed from the anaerobic chamber as soon as possible. The volume of celi suspension dispensed into each straw was 0.2 ml so that after plugging there was a bubble of gas which could be relocated to prevent blow-out of plugs during freezing or thawing. In other studies, straws containing the suspending fluid were inoculated successfully from plate cultures with a sterile, 1-pl disposable loop.
Immediately after removal from the chamber, the bubble was transferred to the middle of the straw by grasping the end opposite from the bubble and quickly snapping the wrist (suggested by E. K. Feffer, Continental Plastics). The straws were then distributed on the freezing rack, equilibrated for 30 min at 4°C, and frozen. Immediately after transfer to the storage goblet (300 to 360 straws per goblet), they were placed in the liquid N2 storage tank (super LR-30 fitted with 10 cannister assembly, Linde).
All work with liquid N2 was performed by using recommended safety procedures (16, 19) .
Rates of freezing and thawing. Over the range +25 to -190°C, freezing rates (degrees centigrade per minute) within the straws averaged -42 and -90°w hen held in the gaseous phase either 4.5 cm or immediately above the liquid N2, respectively, and approximated -1,000 when plunged into the liquid N2. Thaw rates (degrees centigrade per minute) averaged 60 when thawed in air (25°C) and 400 when straws were submerged in a 37°C water bath. Survival recoveries were tested using rates of 1,000°C per min for freezing and 400°C per min for thawing.
Cryoprotective agents. Undiluted Me2SO (Fisher certified, spectranalyzed) was sterilized by filtration, and undiluted anhydrous glycerol (Baker analyzed) was autoclaved. Because of the reported deleterious effects of available PVP on cell recoveries (3, 14) , a 10% solution of PVP40 (Sigma Chemical Co., St. Louis, Mo.) in nitrogen-free water was dialyzed at 40C against six changes of sevenfold volumes of nitrogenfree water over 3 days. After lyophilization, a stock solution of PVP (0.4 g per ml of nitrogen-free water) was autoclaved.
Organisms and growth conditions. Streptococcus mutans GS-5, provided by I. Shklair, was chosen to represent gram-positive facultative anaerobes, and Unless otherwise stated, all experimental manipulations and cultivations were performed within an anaerobic chamber (1, 2) . Media and all autoclavable supplements were sterilized in screw-capped vessels, the lids of which were tightened as soon as the autoclave pressure came down. After transfer to the air lock of the chamber, and when cooled to approximately 55°C, the air in the lock was exchanged to an environment, approximately 0.03% in oxygen, by using cycles of partial evacuation and refilling with "superdry" nitrogen (<0.0010% 02, Danes Welding, Rochester, N.Y.), until the last fill, when the gas mix of 85% N2, 10% H2, and 5% C02, which was used in the chamber, was employed. After supplement addition, plates were poured within the chamber 16 h before use. Other sterile solutions and experimental material were placed in the chamber the day before use.
The basal medium used throughout was modified tryptone (MT): 1% each of tryptone (Difco) and yeast extract (Difco) and 0.125% each of K2HPO4 and MgSO4 7H20 (6) . Separately sterilized glucose was added to 0.5% for all cultivation. Broth cultures were supplemented with 1.35 ,ug of hemin per ml (6) With the more fragile gram-negative anaerobes, potential deleterious effects from toxic product accumulation due to peroxide formation between preparation and use time (4) were checked with the complex media. Survival was high for both F. nucleatum and S. sputigena with either the freshly prepared medium or the older broth, which was boiled just before use (Table 2 ). Protective effects from cryoprotectant addition to these bases were noted as storage times were increased. Recoveries of F. nucleatum were consistently higher in the presence of the externally acting cryoprotectants PVP and glycerol, whereas recoveries ofS. sputigena were highest with PVP or no addition and also tended to be high with 5% glycerol. Relative to the unprotected controls, the effects from glycerol appeared to differ between microorganisms, whereas those from PVP were consistent across microorganisms.
This difference in cryoprotective effects between microorganisms also was found in the salts base. Similar to S. mutans, F. nucleatum was recovered consistently from the salts base. The recoveries ranged from 50 to 80% of input and were lower than or similar to those in the complex medium base. Although cryoprotectant addition did not affect CFU recoveries of S. mutans, both PVP and glycerol exhibited a protective action for F. nucleatum.
After 1 year of storage, all test microorganisms were checked for viability. Cultures available in limited numbers were tested by streak plates (i.e., those frozen in the complex medium broth base with PVP, glycerol, or no addition, and those in salts base with PVP). Sufficient cultures of S. sputigena in the complex base either with no cryoprotectant or with 5% glycerol were available to report CFU recoveries. Streak plates of all cultures yielded heavy growth, and these results were supported by the high CFU recoveries obtained from S. sputigena (Table 2) .
DISCUSSION
The cultural preservation procedures developed herein complement procedures previously described for the isolation and identification of anaerobes (1, 7, 22, 23 (16, 21) . The microorganisms tested were selected to assess the generality of application. The high survival recoveries obtained suggest that the procedures used should be applicable to a wide spectrum of microorganisms. Preliminary experiments with the widely diverse microflora in supra-and subgingival dental plaques, which include obligate aerobes through obligate anaerobes and gram-positive through gram-negative bacteria, have supported this expectation.
The higher recoveries with the complex medium broth base than with the salts solution might be attributable both to the presence of cryoprotective macromolecular species in the broth and to the higher concentration of lowmolecular-weight electrolytes in the salts base. The probability that the high electrolyte concentration in the salts base contributed to a part of the difference is consistent with the high recoveries reported for Escherichia coli using a salts base lower in electrolytes (13) . The electrolyte-associated damage could have occurred either from deleterious "internal solution effects" due to intracellular ice formation at the freeze rate employed (11) or from hyperosmotic dehydration resulting in membrane damage (12) . In any event, the fact that cryoprotectant addition to the salt solution resulted in no protection for S. mutans, whereas both PVP and glycerol afforded some protection for F. nucleatum, suggested that effects from cryoprotectants differed between microorganisms. The differing protection afforded by glycerol to the various test organisms in the complex broth base (Tables  1 and 2 ) supported the suggestion. Inasmuch as the recoveries frequently were greater than input, it is possible that the amount of cell separation resulting from stresses during freezing and thawing differed between the microorganisms. However, it also is possible that if membrane damage incurred during rapid freezing is repaired during rapid warming (11) (12) (13) , the rates of repair can vary, depending upon the intracellular environment and the microorganism involved.
The results presented herein contraindicate Me2SO as an effective cryoprotectant for bacteria. Rather, two observations suggest the efficacy of nonpenetrating cryoprotectants for longterm storage. (i) The trend for a slow decay in recoverable CFU of S. mutans and F. nucleatum in complex media bases was counteracted by addition of PVP. (ii) The fact that similar slow decays were not observed with S. sputigenum is consistent with a probable carry-over of serum from the growth medium to the suspending fluid and the known cryoprotective activity of serum (12) . Thus, the overall results indicate that if long-term preservation of all subpopulations within a culture is at issue, rather than preservation of only a fraction of the input cells, then the combinations of fast rates of freeze and thaw in conjunction with the use of nonpenetrating cryoprotectants would be of value.
